different ancestral (i.e., geographic) populations (19) (20) (21) . Studies of biogeographic ancestry (BGA) have demonstrated that the African-American gene pool in the United States reflects a mixture of European, West African, and, to a lesser extent, Native American ancestry (13) (14) (15) (16) (17) (18) . Individual admixture proportions vary substantially among self-identified African Americans from different regions of the United States, with a wide variation in BGA profiles not only in samples drawn from different geographic locations but also among samples drawn from a single geographic region (13, 14, 22) . Compared with African Americans, BGA in selfidentified European Americans has been studied less often but, when examined, has been shown to vary, albeit to a lesser extent than in African Americans (16-18, 23, 24) . Taken together, such studies suggest that estimating BGA using ancestry informative markers (AIMs), generally markers with large allele frequency differences between ancestral populations, may be a better descriptor of ancestry than SIR.
Since it is likely that biologic mechanisms leading to increased CVD risk in African Americans are related to genes that may also be associated with African BGA, racial differences in CVD may be partly attributable to BGA variation. This theory is supported by studies that have demonstrated associations between cardiometabolic phenotypes (e.g., body mass index (BMI), lipid levels, blood pressure, and coronary artery calcification (CAC)) and BGA in African Americans (8, 14, 15, (25) (26) (27) (28) (29) . However, no studies have examined how group affiliation as measured by BGA compares with SIR for predicting several CVD risk factors in a single cohort. We hypothesized that if CVD risk, as measured by the prevalence of different risk factors, varies as a function of BGA, it may be possible to use such genomic information to better characterize race-related differences in CVD. Therefore, we undertook the current study to investigate the BGA profiles of self-identified African-American and European-American subjects included in the Heart Strategies Concentrating on Risk Evaluation (Heart SCORE) Study and compare SIR with BGA in predicting race-related differences in a range of cardiometabolic outcomes. We also examined BGA-phenotype associations in the African Americans to replicate previous findings (8, 14, 15, (25) (26) (27) (28) (29) .
MATERIALS AND METHODS

Study samples
Subjects included in this study are participants in the Heart SCORE project (30, 31) , a prospective longitudinal cohort study of 2,000 adults (ages 45-74 years at study inclusion; 64% female; 53% European-American, 43% African-American, and 4% of "other" races) residing in the Greater Pittsburgh, Pennsylvania, metropolitan area. Participants have undergone extensive baseline data collection (demographic history, several traditional and emerging CVD risk factors, physical activity assessments) and are being followed annually. Exclusion criteria for this analysis included known comorbid conditions expected to reduce life expectancy to less than 4 years. The current study, conducted between July 2009 and April 2010, was based on the first 464 African-American and 771 European-American subjects who provided DNA samples and were successfully genotyped with less than 5% missing data. All subjects provided written informed consent, and the study was approved by the Institutional Review Board of the University of Pittsburgh.
Phenotype data collection
At the baseline visit, participants' demographic information and medical history were collected; physical examinations were conducted to record vital signs and anthropometric measures of body fat distribution. Education was measured as the total number of years of schooling. Annual income was coded in 5 categories: <$10,000, $10,000-< $20,000, $20,000-< $40,000, $40,000-< $80,000, and ≥$80,000. Height and weight measures were used to calculate BMI (weight (kg)/height (m) 2 ). Smoking habits were coded as current smoking versus previous smoking/nonsmoking. Physical activity was measured using the Lipid Research Clinics physical activity questionnaire (32) . Fasting blood samples were obtained for serologic and DNA analysis. Depressive symptoms were measured using the Center for Epidemiologic Studies Depression Scale (33) .
Metabolic syndrome was defined using the National Cholesterol Education Program/Adult Treatment Panel III criteria (34) as the presence of 3 or more of the following: fasting serum glucose concentration ≥100 mg/dL or use of hypoglycemic medication; serum triglyceride concentration ≥150 mg/dL or use of lipid-lowering medication; serum high density lipoprotein (HDL) cholesterol concentration <40 mg/dL in men or <50 mg/dL in women or use of lipidlowering medication; blood pressure ≥130/85 mm Hg or use of antihypertensive medication; and waist circumference >102 cm in men or >88 cm in women.
Lipoprotein levels were assayed in fasting venous blood as described previously (31) . A vertical auto profile technique (Atherotech Diagnostics Lab, Birmingham, Alabama) was used to quantify concentrations of total, HDL, low density lipoprotein (LDL), very low density lipoprotein, and intermediate density lipoprotein cholesterol, triglycerides, and lipoprotein A. The vertical auto profile technique also classified LDL cholesterol levels into patterns A, A/B, and B based on increasing concentrations of LDL 3 cholesterol (35) . HDL cholesterol values were log-transformed for normalization. Body density reflects the proportion of body fat present, with higher density indicating lower fat mass. Since it is a proportion, like BMI, it is expressed in units of density. Body density was computed by means of generalized caliper equations in men using chest, abdomen, and thigh skinfold measures (36) and in women using triceps, suprailiac, and thigh skinfold measures (37) .
CAC score, measured using electron beam computed tomography, was available for 250 European Americans and 167 African Americans. CAC values were classified using Agatston scores as low (10-100), intermediate (101-400), or significant (>400) (38) . isolated following standard protocols. A panel of 1,698 single nucleotide polymorphism (SNP) AIMs, which are included as part of the Illumina CARe iSelect cardiovascular array (Illumina Inc., San Diego, California), were genotyped in all samples. This array is a customized 50,000-SNP chip that assays multiple polymorphisms in 2,100 genes and was developed specifically for cardiometabolic phenotypes (39) . The AIMs included in the chip were selected from published reports (23, 24) and are suitable for both EuropeanAmerican and African-American samples. Detailed information on the AIMs included in the panel is available on the IBC CardioChip website (http://www.bmic.upenn.edu/ cvdsnp/), which lists the chromosomal position and functional status (coding, intronic, 3 0 -or 5 0 -untranslated region, etc.) of each AIM.
Genetic analyses
Hardy-Weinberg equilibrium was assessed using Genepop software (http://genepop.curtin.edu.au/), version 4 (40). Ancestral allele frequencies were ascertained in HapMap (www.hapmap.org) European (CEU: European Americans with primarily Western European ancestry) and West African (YRI: Yorubans from Nigeria) samples and are abbreviated henceforth as "EU" and "AF" to designate the 2 ancestral groups. Individual BGA estimates were computed using MLIAE (Maximum Likelihood Individual Admixture Estimator) software (17) , which implements a maximum likelihood method for inferring individual admixture (41) . Percentage of African biogeographic ancestry (AF-BGA) was used as a predictor in all subsequent analyses. The presence of significant admixture stratification was tested by means of the Individual Ancestry Correlation Test (16) (17) (18) . This test is a split-half reliability test in which all items that measure the same construct (i.e., individual admixture) are randomly divided into 2 sets. Each half set is then used to infer individual ancestry. The split-half reliability estimate is a correlation between estimates obtained with each half set. High correlation between estimates obtained with the 2 panels indicates reliability of the admixture estimates and reinforces that the variability in admixture estimates seen in this sample is not due to chance effects. Thereby, this test confirms the presence of significant stratification in the sample. For this analysis, 50 independent tests were conducted using different partially overlapping combinations of markers in each set.
Statistical analyses
All statistical analyses were performed in SPSS, version 16 (SPSS, Inc., Chicago, Illinois). Differences in phenotype measures between races were compared by means of independent sample t tests or chi-square tests. The predictive values of SIR and AF-BGA were compared in 2 sets of models. SIR was used as a binary predictor in the first set of models. In the second set, African-American subjects were grouped into 4 categories based on quartiles of the AF-BGA distribution (corresponding to ≤63%, 64%-72%, 73%-78%, and ≥79% AF-BGA) and were compared with all self-identified European-American subjects as a fifth group. Two additional models were examined for AF-BGA and are shown in Web Table 1 (available on the Journal's website (http://aje. oxfordjournals.org/)): 1) AF-BGA as a continuous variable and 2) African Americans grouped into 10 categories based on deciles of the AF-BGA distribution and compared with all European Americans. Covariates included in each model are described below. In secondary analyses, all models were examined separately in males and females, unless gender was used to define a metabolic syndrome criterion.
Age, smoking status, current physical activity level, education, and income were included as covariates in all analysis of variance, logistic regression, and linear regression models. For the metabolic syndrome, subjects were classified as "normal," "with metabolic syndrome," or "with a history of diabetes" using National Cholesterol Education Program criteria and were compared using analysis of variance, with gender as an additional covariate. Individual components of the metabolic syndrome were evaluated by means of logistic regression, with the following additional covariates: use of lipid-lowering medication (for waist circumference); BMI (for HDL cholesterol and triglycerides); and gender and BMI (for hypertension and glucose). Linear regression was used to examine systolic and diastolic blood pressure (with gender, BMI, and use of antihypertensive medication as additional covariates) and LDL cholesterol, very low density lipoprotein cholesterol, and lipoprotein A (with gender, BMI, and use of lipid-lowering medication as additional covariates). BMI was examined with gender and use of lipidlowering medication as additional covariates. Body density was examined as a continuous variable with use of lipidlowering medication as an additional covariate. In secondary analyses, the models were stratified by sex.
For CAC, a logistic regression model was used to compare low scorers with intermediate/significant scorers for association with SIR or AF-BGA after adjustment for age, gender, BMI, smoking status, alcohol use, depression symptoms (measured using the Center for Epidemiologic Studies Depression Scale), aspirin use, current level of physical activity, history of hypertension, diabetes, creatinine level, use of antihypertensive and lipid-lowering medications, HDL cholesterol, LDL 3 cholesterol, and LDL cholesterol pattern (A, B, or A/B), following a previous model (31) .
Associations between AF-BGA and phenotype were examined separately in African Americans using similar analysis of variance, logistic regression, or linear regression models and the same covariates as in previous analyses, with AF-BGA as a continuous predictor. Waist circumference, HDL cholesterol, triglycerides, and fasting glucose were examined as continuous variables.
To account for multiple testing, a false discovery rate (FDR) method was implemented (42) , and all FDR-adjusted P values are reported. FDR-adjusted P values less than 0.05 were considered significant.
RESULTS
Sample characteristics and individual BGA distribution in Heart SCORE
Demographic and clinical characteristics of subjects are shown in Table 1 . As reported previously in Heart SCORE (30, 31), African Americans were significantly younger, had higher BMIs, had higher prevalences of hypertension and diabetes, and were more often current smokers than European Americans. African Americans were less likely to engage in moderate-to-strenuous physical activity or use lipid-lowering medication but were significantly more likely to use antihypertensive medication. The 250 European Americans and 167 African Americans for whom CAC measures were available had similar demographic and clinical characteristics as the total Heart SCORE sample.
All subjects were genotyped for 1,698 AIMs. Ancestral allele frequencies of 103 AIMs were not available in HapMap and were not used in analysis. Of the final 1,595 AIMs, 301 markers in African Americans and 56 markers in European Americans were not in Hardy-Weinberg equilibrium (FDR-adjusted P < 0.05). Since no single locus was examined independently, lack of agreement with HardyWeinberg equilibrium was not a criterion for excluding markers from BGA analyses.
In African Americans, AF-BGA ranged between 9% and 89% (mean = 68% (standard error, 0.004)) and showed substantial variation (Figure 1 ). Females (n = 329) had higher mean AF-BGA than males (n = 153) (69% vs. 65%; P = 0.03). The Individual Ancestry Correlation Test showed significant correlations in admixture estimates obtained with nonsyntenic marker panels (R 2 = 93%; P < 0.001), indicating the presence of admixture stratification in this sample. Twenty-one subjects (11 females) had 9%-15% AF-BGA. These individuals did not differ significantly from others with regard to demographic or clinical measures. Mean AF-BGA for these 21 subjects was 11% in both genders. Mean AF-BGA after exclusion of these persons was 71% (standard error, 0.007). We conducted additional tests to investigate the BGA of these individuals; results are reported in the Web Appendix and in Web Figure 1 .
Individual percentage of European biogeographic ancestry (EU-BGA) in European Americans ranged from 14% to 91% (mean EU-BGA = 87%), showed significantly less variation, and did not differ significantly between genders. Most European Americans (>95%) had very low levels (<15%) of non-European ancestry (Web Figure 2) . No evidence of admixture stratification was detected in this group (Individual Ancestry Correlation Test: P > 0.05).
Predictive power of SIR-vs. BGA-based categorization
The purpose of these analyses was to compare whether SIR or BGA showed a significant association with a phenotype, not to test the strength of the association itself. There was no difference in predictive power between SIR and AF-BGA for 12 of the 15 outcomes studied in the total sample (Tables 2 and 3 ). Both categorization schemes yielded similar results (i.e., the presence or absence of significant association after covariate adjustment). Metabolic syndrome, waist circumference, triglycerides, BMI, very low density lipoprotein cholesterol, lipoprotein A, body composition, systolic blood pressure, and diastolic blood pressure were associated with both SIR and BGA, while total cholesterol, LDL cholesterol, and glucose were not associated with either. SIR but not BGA predicted HDL cholesterol, hypertension, and CAC (P < 0.05). As shown in Web Table 1 , BGA and SIR demonstrated similar predictive abilities when AF-BGA deciles were used, which persisted even after removal of African Americans with <15% AF-BGA and European Americans with <85% EU-BGA (Web Table 2 ). AF-BGA as a continuous variable significantly predicted all risk factors except for the presence of the metabolic syndrome, high glucose levels, and CAC (Web Table 1 ).
In secondary, gender-specific analyses, both SIR and BGA showed similar results (Table 4 and 5) . However, AF-BGA was associated with the presence of the metabolic syndrome in males and diastolic blood pressure in females. In contrast, SIR alone was associated with triglycerides and CAC in males and systolic blood pressure in females.
Association of AF-BGA with BMI and diastolic blood pressure in African Americans
Within the group of self-identified African Americans, AF-BGA showed a positive association with both BMI (β = 0.004, t = 2.214, P = 0.03; Web Figure 3 ) and diastolic blood pressure (β = 6.078, t = 2.18, P = 0.02; Web Figure 4 ) and in both cases explained 1% of the variation in the phenotypes after other biologic and demographic covariates were accounted for. The association with BMI persisted after removal of persons with less than 15% AF-BGA from the analysis (β = 0.61, t = 1.98, P = 0.046). None of the other continuous or binary variables showed any association with AF-BGA (FDR-adjusted P > 0.05).
DISCUSSION
This study investigated whether BGA-based categorizations may be more accurate than SIR as predictors of cardiovascular phenotypes. Our results indicated strong coherence between SIR and BGA as predictors of CVD risk factors. Most phenotypes were either associated with both methods of classifying race or not associated with either method, except for high blood pressure, CAC, and higher HDL cholesterol, which were predicted by binary race alone. Although previous studies have compared the predictive power of BGA with SIR for a single phenotype (43, 44) , to our knowledge, this is the first study that has comprehensively examined the predictive power of SIR versus BGA for a wide range of cardiometabolic phenotypes, and it shows SIR to be comparable to BGA in predicting racial differences in CVD risk factors. Limited evidence supporting the hypothesis was obtained in gender-specific analyses, where BGA was a better predictor of the metabolic syndrome in males and diastolic blood pressure in females. However, SIR was a better predictor of triglycerides and CAC in males and systolic blood pressure in females. Overall, these analyses did not show any strong trends favoring the use of BGA over SIR across a range of cardiometabolic outcomes in either gender.
The use of AIMs and BGA in many genetic studies raises the question of whether a nongenetic study is likely to gain from BGA measures as opposed to self-identified race. BGA measures characterize individuals along a continuum of ancestry, without identifying discrete subgroups. While this approach is a strength when studying a single population like African Americans, its utility in understanding racial differences in disease risk in a multipopulation model is not well documented or described. Our analysis had an important drawback, and thus the differences observed between SIR and BGA need to be interpreted with caution. A model which used an ancestry measure as a continuous variable (and not as groups based on ancestry proportions as we have done) could have been compared with a model with binary race only if all possible ancestral groups contributing to the 2 populations studied here had been used. Thus, if we had had ancestral allele frequency information on Native Americans and Asians (the 2 other large continental ancestral groups with potential contributions to the US population) in addition to the European and African ancestral groups, we could have used a global model of admixture and parsed each individual's ancestry on the basis of such a global model. In that case, we might have used a continuous measure of ancestry to compare BGA directly with SIR. For our study, which had almost 2 times as many European Americans as African Americans, BGA estimates were skewed heavily in favor of European Americans, thereby biasing the associations with the continuous BGA measure, as seen by the significant P values obtained with all but 3 of the risk factors studied (see Web  Table 1 ). BGA in European Americans is better described by a model which includes Native Americans and East Asians as ancestral groups (16, 17) . We chose the 4-group model for categorizing African Americans, since using quartiles of African ancestry provided us with several large, approximately similar-sized groups. In addition, there is precedence in the literature for using quartiles of African ancestry to group individuals (43) . We examined other categorization schemes, and our results were similar when using deciles of the AF-BGA distribution (Web Table 1 ), suggesting that any form of categorization based on BGA yields generally similar results.
A few African Americans had a very low AF-BGA and appeared to be outliers. As we show in the Web Appendix and Web Figure 1 , the large numbers of AIMs used in this c Odds ratio for the presence of metabolic syndrome criteria. d False discovery rate-adjusted, 2-sided P value. Significance was set at P < 0.05. e Metabolic syndrome was defined according to National Cholesterol Education Program criteria; subjects were classified as "normal" (reference group), "with metabolic syndrome" (group 1), or "with a history of diabetes" (group 2) and compared using analysis of variance (self-identified race: F = 16.1 (1 df); biogeographic ancestry: F = 4.6 (4 df)), with age, gender, smoking status, current physical activity level, education, and income as covariates. Individual components of the metabolic syndrome were evaluated by means of logistic regression, with age, smoking status, current physical activity level, education, and income as covariates in all models.
f Waist circumference >102 cm in men and >88 cm in women; use of lipid-lowering medication was used as an additional covariate.
g Serum HDL cholesterol concentration <40 mg/dL in men or <50 mg/dL in women or use of lipid-lowering medication; body mass index was used as an additional covariate.
h Fasting serum glucose concentration ≥100 mg/dL or use of hypoglycemic medication; body mass index and gender were used as additional covariates.
i Serum triglyceride concentration ≥150 mg/dL or use of lipid-lowering medication; body mass index and gender were used as additional covariates.
j Blood pressure ≥130/85 mm Hg or use of antihypertensive medication; body mass index and gender were used as additional covariates.
k Persons with low (10-100) Agatston scores were compared with those with intermediate (101-400) and significant (>400) scores.
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Am J Epidemiol. 2012;176(2):146-155 study provided highly precise BGA estimates and were thus used as reliable measures of genetic ancestry. We repeated our analysis after excluding these persons and observed similar coherence between BGA and SIR. Self-identified African Americans who did not differ from the remaining participants in terms of key demographic and clinical variables provided no a priori evidence for exclusion from the analysis. AF-BGA was associated with BMI and diastolic blood pressure in African Americans in the total sample and with BMI alone after exclusion of persons with low AF-BGA. These results confirm previous observations (14, 15, (26) (27) (28) (29) 45 ) but differ from other reports by failing to detect any association of BGA with CAC (27) , lipids (29) , or blood glucose (14) . BGA explains approximately 1% of the variation in BMI and in diastolic blood pressure after demographic and clinical covariates are controlled for, indicating that some loci that are indicators of ancestry may also have phenotypic effects or be in strong linkage disequilibrium with disease-causing loci.
Inconsistency with previous results could be partly attributable to the use of few (<45) AIMs in previous studies (13-15, 18, 28, 29) , which could have been subject to Tables 1 and 2 . b Odds ratio for the presence of metabolic syndrome criteria. c False discovery rate-adjusted, 2-sided P value. Significance was set at P < 0.05. d Metabolic syndrome was defined according to National Cholesterol Education Program criteria; subjects were classified as "normal" (reference group), "with metabolic syndrome" (group 1), or "with a history of diabetes" (group 2) and compared using analysis of variance (males-self-identified race: NS; biogeographic ancestry: F = 4.9 (4 df); females-self-identified race: F = 1.4 (1 df); biogeographic ancestry: F = 3.7 (4 df)), with age, gender, smoking status, current physical activity level, education, and income as covariates. Individual components of the metabolic syndrome which did not use gender-specific cutoffs were evaluated by means of logistic regression, with age, smoking status, current physical activity level, education, and income as covariates in all models. a Linear regression models were used to test for the association of race or biogeographic ancestry with each outcome variable. Age, smoking status, current physical activity level, education, and income were included as covariates in all models. For definitions of variables, see Tables 1  and 2. b False discovery rate-adjusted, 2-sided P value. Significance was set at P < 0.05. c Body density reflects the proportion of body fat present, with higher density indicating lower fat mass. BGA-measurement bias. Simulation studies have shown that using fewer markers leads to imprecise estimates with large confidence intervals and that more precise ancestry estimates are obtained with more markers (46, 47) , although the exact number of AIMs required has not been established. Imprecise admixture estimates may in turn yield inconsistent or erroneous genotype-phenotype associations. For instance, an association between EU-BGA ascertained using 40 AIMs and bone mineral density (48) was negated when 170 AIMs were used to infer BGA (17) . The large number of AIMs (>1,500) used in this study lends significant confidence to the precision of BGA estimates ascertained here and is a major strength of this study over previous reports. Our simulation studies with different numbers of AIMs further showed that BGA estimates also vary as a function of the specific AIM panel used. In addition, although many phenotypes were not associated with BGA, they still showed significant race-related differences, with and without adjustment for other covariates (Tables 1  and 2) , and are thus prime candidates for admixture mapping in African Americans (49) (50) (51) .
Model-based studies, such as the current one, have one disadvantage in that they forcibly partition an individual's genome into components that are based on certain assumptions about ancestry. Consequently, the 2-population ancestral model that we used may not be optimum for some persons included in this sample. For practical reasons related to sample access and genotyping costs, very few investigators have so far reported AIM allele frequencies in diverse European and African populations (13, 18, 48) . The AIMs used here were part of an array (36) and were chosen from 2 previous reports (23, 24) , neither of which documented allele frequencies in diverse ancestral European and African populations. It is possible that by using a single African ancestral group, we limited the spectrum of ancestral African variation that contributed to the modern African-American gene pool (52, 53) . Although the same argument is true for European ancestors, the significant allelic variation within Africa as compared with Europe (51, 53) probably exerts a stronger influence on BGA estimates in African Americans. Finally, including Native American ancestral allele frequencies, as reported previously (16, 17, 26) , might have yielded a more complete representation of the genetic diversity in these cohorts. The approaches used for selecting SNP AIMs and inherent problems within those schemes are beyond the scope of this paper. However, previous reports (23, 24, 36) and our analysis of these AIMs in the HapMap data showed that these markers are able to distinguish between European and African ancestry with high efficiency, and are thus able to provide a measure of differentiation that is useful for continental BGA studies. It is possible that a model-free approach (e.g., principal components analysis) may provide alternative insights into the genetic structure of the cohort. Another limitation of this study is that SIR-and BGA-based models examined were not nested and thus could not be compared directly using statistical tests. We have thus reported odds ratios and β coefficients with confidence intervals and P values to facilitate a qualitative comparison of models.
In conclusion, the results of this study indicate that SIR is an acceptable surrogate for classifying individuals for nongenetic cardiovascular epidemiology studies. However, genetic cardiovascular epidemiology studies, especially those that focus on cohorts of recently admixed groups, may benefit from the application of admixture-based methods as demonstrated in previous studies (14, 15, 18) . Since admixture profiles vary between populations, additional replication of these analyses in different and diverse cohorts is warranted prior to generalizing these results. Tables 1 and 2 . b False discovery rate-adjusted, 2-sided P value. Significance was set at P < 0.05. c Body density reflects the proportion of body fat present, with higher density indicating lower fat mass.
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